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ABSTRACT: Pumps and motors are essential components of the world as we know it. From the complex proteins that sustain our 
cells, to the mechanical marvels that power industries, much we take for granted is only possible because of pumps and motors. 
Although molecular pumps and motors have supported life for eons, it is only recently that chemists have made progress toward 
designing and building artificial forms of the microscopic machinery present in nature. The advent of artificial molecular machines 
has granted scientists an unprecedented level of control over the relative motion of components of molecules through the 
development of kinetically controlled, away-from-thermodynamic equilibrium chemistry. We outline the history of pumps and 
motors, focusing specifically on the innovations that enable the design and synthesis of the artificial molecular machines central to 
this Perspective. A key insight connecting biomolecular and artificial molecular machines is that the physical motions by which these 
machines carry out their function are unambiguously in mechanical equilibrium at every instant. The operation of molecular motors 
and pumps can be described by trajectory thermodynamics, a theory based on the work of Onsager, which is grounded on the firm 
foundation of the principle of microscopic reversibility. Free energy derived from thermodynamically non-equilibrium reactions 
kinetically favors some reaction pathways over others. By designing molecules with kinetic asymmetry, one can engineer potential 
landscapes to harness external energy to drive the formation and maintenance of geometries of component parts of molecules away- 
from-equilibrium, that would be impossible to achieve by standard synthetic approaches. 


E&E INTRODUCTION uses energy from the condensation of a nucleotide base to 
translate along single-stranded DNA by a sequence of 
conformational changes, leaving behind double-stranded 
DNA. If the polymerase is immobilized at a surface'' however, 
the same sequence of shape changes’” by which it normally 
translates in space, results in pumping of fluid, a reciprocal 
behavior which is a reflection of the Curie principle.’ 
Because of omnipresent thermal noise, "4 controlling 
molecular motion’”'® is challenging. Several approaches’* to 
the introduction of the energy necessary for achieving 
unidirectional motion have emerged. One approach employs 
light’? as the energy source, while another is based on chemical 
fuels, and a third uses electrochemistry. On the nanoscale level, 
the fundamental principle of harnessing light energy to drive 
motion is different from the principle by which thermal or 
electrochemical catalysis of the degradation of a fuel molecule 
occurs. Ultimately this difference arises from the different 


Modern society is built on a vast array of machines, with two of 
the most important being the pump and the motor. Pumps are 
among humanity’s oldest machines, with a history’ dating back 
at least 5000 years. Although man-made motors are a more 
recent arrival on the scene, they have become the most widely 
used machines today, accounting for a large fraction of global 
energy consumption.” Individually, and often in tandem, 
mechanical pumps and motors are the foundation for many 
industries and conveniences of modern life. 

Pumps and motors are also ubiquitous in biological systems. 
In the broadest sense, from planetary atmospheric regulation,’ 
to the inside of every cell in our bodies, the Earth’s biosphere is 
driven by pumps. Biomolecular pumps and motors feature* 
prominently in all living systems and are responsible for 
everything from DNA transcription and membrane transport 
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In the macroscopic world, motors are, for the most part, 
devices that effect translation or rotation, while pumps move 
fluid from one place to another. Distinguishing the two is 
relatively simple—a motor (think of a car) moves along with 
what is being transported, whereas a pump remains stationary 
while transporting fluid. At the molecular level, however, there 
is no meaningful distinction. For example, DNA polymerase 
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obey a principle described as “detailed balance” at equilibrium, 
according to which every process is as likely as the exact 
reverse of the process. This principle is often incorrectly 
described as being synonymous with microscopic reversibility. 
Detailed balance is instead a corollary—valid only at 
equilibrium—of both the Einstein relations'® and of micro- 
scopic reversibility.” 

In addition to choosing an energy source, artificial molecular 
machines (AMMs) must be designed creatively to harvest 
energy input. A number of research groups have adopted their 
own unique approaches, but all share the breaking of symmet 
as an essential requirement. Mechanical bonds,” "0621-23 
which define mechanically interlocked molecules”? (MIMs), 
have provided one solution for crafting AMMs. MIMs are 
molecules composed of component parts that cannot be 
separated without breaking constitutive covalent or coordina- 
tive bonds. While separation of the constituent parts is 
prevented, relative motion between the components of MIMs 
is still possible. The incorporation of molecular recognition 
sites and steric barriers into these molecules allows the relative 
motions of the component parts to be controlled by external 
stimuli, thus enabling the creation of AMMs, including pumps 
and motors. The controlled, unidirectional motion that these 
pumps and motors exhibit allows an unprecedented level of 
control at the molecular level. While we can only speculate on 
the potential applications of AMMs, it is clear that the age of 
artificial molecular machines’ '°'®”* is now dawning. 


E MAN-MADE MACROSCOPIC PUMPS AND 
MOTORS 


Two of the most important mechanical devices that power the 
modern world are the pump and the motor. Pumps are among 
the oldest known machines while motors are a relatively recent 
development. Although electric motors first appeared”' in the 
early part of 19th century, they did not come into general use 
until half-a-century later. Nowadays, they are of central 
importance in modern society. Let us examine some of the 
principles of macroscopic pumps and motors in order to 
facilitate our later discussion of artificial molecular machines. 

Fundamentally, pumps and motors are energy conversion 
systems. While motors”~* convert electrical to mechanical 
energy, pumps” use mechanical work to increase fluid 
energy. On account of their long history, pumps have many 
different designs. They can be categorized*® by operational 
principles into three major classes—dynamic, direct lift, and 
positive displacement pumps. Dynamic pumps function by the 
continuous addition of kinetic energy to a fluid. This category 
is by far the most prevalent since it includes centrifugal pumps, 
which alone account”® for 80% of all pumps. Direct-lift devices, 
including the earliest pumps, operate by containing and 
physically elevating a fluid. Positive displacement pumps 
enclose fixed volumes of fluid and mechanically move this 
volume through a system. In a chemistry laboratory setting, 
syringe and peristaltic pumps are common examples of positive 
displacement pumps. These different types of pumps are 
customized for different applications and, in combination, they 
are used in almost every industry. 

All electric motors operate by electromagnetic induction. 
They are constructed (Figure 1) of two main assemblie- 
s—(i)** the rotor, which consists of all rotating components, 
and (ii) the stator, which consists of all stationary components. 
These motors can be constructed in a wide range of sizes and 
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Figure 1. A centrifugal mechanical pump (blue), driven by an electric 
motor (gray). The brushes are stationary and transmit power to the 
rotor by way of the commutator. The commutator inside the electric 
motor transmits this electrical power to an individual set of rotor coils, 
producing a magnetic field by electromagnetic induction. This 
induced field attracts and repels the magnets selectively in the stator, 
producing electromotive force and generating torque, resulting in the 
rotation of the rotor. As the rotor turns the commutator transfers 
power to the successive sets of rotor coils thus creating continuous 
rotation. The generated torque is transferred along the shaft of the 
motor to turning the impeller of the pump. As the impeller gains 
velocity, it imparts kinetic energy to the fluid at the inlet, driving it to 
a higher energy. The fluid, now at elevated pressure, flows through the 
casing of the pump and is released at the outlet. 


are used in everything from household appliances to the largest 
industrial machines. 

Pumps and motors are usually associated with man-made 
machines that operate mechanically. This idea, however, is far 
from the whole truth. Such devices are not just limited to the 
man-made world but are, in fact, vital components of the 
human body as well. Pumps in particular are ubiquitous in 
nature at all scales, from the macroscopic oceanic biological 
pump?” to the biomolecular pumps inside of our cells.”””” 


ŒE BIOMOLECULAR PUMPS AND MOTORS 


Let us take a fantastic voyage,” à la Mr. Tompkins, viewing the 
world through the eyes of a molecular machine. The first thing 
that we would notice would be the enormous pelting received 
by water molecules, where the ratio of size between water and 
the machine is similar to that between a hailstone and a car.” 
These many collisions have given rise to the description of 
molecular machines as “walking in a hurricane”'* and result in 
the phenomenon of Brownian motion, or in aggregate, of 
diffusion. Every collision influences the different bonds in the 
machine differently, but because of the staggering number of 
collisions?” (~107° s~!), each bond maintains the average 


eta 1 . : . 
kinetic energy, shel, even on short time scales. This result is 


known as the equipartition theorem*’”** which states that any 


imbalance of kinetic energy among different degrees of 
freedom vanishes on short (<ps) time scales. Without a heat 
source, a molecular machine is in thermal equilibrium at every 
instant. 

The circumstance in which viscous drag is far more 
important than inertia, as is the case with all molecular 
machines in solution, is known as the low Reynolds number 
regime as described beautifully by Purcell.” Because in this 
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regime the viscous drag force is equal and opposite to the 
inertial force at every instant, °° there is no acceleration; hence, 
molecular machines carry out their function by mechanically 
equilibrated motions, and any directionality requires a non- 
reciprocal sequence of conformational changes that can be 
thought of as swimming in molasses.'* 

The disequilibrium that allows for directed motion arises 
from the fact that the chemical potentials of some components 
are different from the chemical potentials of other components. 
The direction in which thermodynamic disequilibrium” drives 
motion, whether translation, rotation, or pumping, is governed 
solely by the kinetic asymmetry”? of the system. 

Pumps have typically been treated very differently than 
motors in the biochemical and biophysical literature.” *’ The 
standard picture of an ion pump invokes a model where a 
protein embedded in a bilayer membrane undergoes conforma- 
tional changes by which an ion-binding site switches between 
facing the inside and facing the outside of a cell. This 
conformational switching is controlled by phosphorylation/ 
dephosphorylation during ATP hydrolysis. In contrast, motors 
are often viewed by many in the field*”*® in terms of an ATP- 
driven “power-stroke” (PS)—a large-amplitude, energetically 
downhill, conformational change that “generates force” and 
hence allows molecular motors to do work against an applied 
force. As we compare and contrast a molecular pump (Ca** 
ATPase) with a molecular motor—myosin moving on actin— 
we come to realize that the mechanistic distinction between 
these two classes of molecular machines is non-existent. In fact, 
all catalysis-driven pumps and motors work by a mechanism 
similar to the alternating access model that can be termed an 
information ratchet.”°°""* 

Biomolecular Pumps. At the nanoscale level pumps are a 
part of every organism, where their primary role’ is to effect 
the membrane transport of, for example, ions, amino acids, 
carbohydrates, lipids, and other small molecules. The creation 
and maintenance of transmembrane concentration gradients 
and the transport of ions and neutral molecules by pumps*' are 
essential for many biological processes, such as the action- 
potential in neurons, muscle and cardiac cells function, cellular 
signaling, transporting metabolites, and the selective import of 
nutrients and export of toxins through cell walls. Primary 
transport membrane ion pumps use different sources of energy 
to generate electrochemical gradients. Secondary transport 
membrane pumps use these electrochemical gradients to 
transport ions and other small molecules across membranes.*° 

Now let us consider P-Type ATPases,” a specific type of 
transport membrane pump that involves ATP-meditated 
phosphorylation/dephosphorylation, which function by an 
alternating-access mechanism known as the E,—E, Post-Albers 
model.** A classic example is the Na*, Kt ATPase which was 
first described by Skou”’ in 1957, leading to being awarded the 
Nobel Prize in Chemistry’? in 1997. For stochiometric 
simplicity, let us consider another P-type pump, the Ca’ 
ATPase that transports only one ion per cycle. Phosphoryl- 
ation triggers conversion from an E; form (Figure 2a, left), 
with its ion-binding site facing one side of the membrane, and 
an E, form (Figure 2a, right), with its ion-binding site facing 
the other side of the membrane. This pump is perhaps the 
most and best studied of the P-Type enzymes?” because of its 
importance in muscle physiology. A kinetic mechanism for 
coupling ATP hydrolysis to transport is shown in Figure 2b. 
The mechanism is consistent with Jencks’ rules? for vectorial 
coupling in which ion-binding/release steps, phosphorylation/ 
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dephosphorylation steps, and conformational changes are 
interleaved. This interleaving can be also described as an 
escapement mechanism as discussed by Branscomb*”*’ and 
Carter.””°° Every completion of a cycle (Figure 2b) 1323 
3-4-1 is accompanied by transport from the cytosol to the 
lumen. Conversely, every completion of a cycle 134332 
1 is accompanied by transport from the lumen to the cytosol. 

It is common but very misleading to show only the top 
reaction in the ATP hydrolysis steps. This mistaken 
representation was derisively termed by Koenig, Horne, and 
Mohilner”® as “coupling by the stroke of a pen” because the 
predicted direction of ATP hydrolysis-coupled ion flow 
depends solely on the researcher’s choice of whether to select 
the top reactions (Figure 2b, top arrows 2=2? and 4=4?), in 
which the ATP hydrolysis-driven transport is from cytosol to 
lumen, or the bottom reactions, in which case the predicted 
flow is from lumen to cytosol. In either case, the essential point 
is that the free energy of ATP hydrolysis drives transport, but 
the selection between the top and bottom sets of arrows— 
kinetic asymmetry—determines whether the cycle 1723 
4—1 (cytosol to lumen) or 1—4—>3—>2—>1 (lumen to cytosol) 
predominates. 

Biomolecular Motors. Motor proteins” travel unidirec- 
tionally along cytoskeletal filaments while carrying out 
functions such as intracellular organelle transport, precise 
chromosome segregation during cell division, and the 
molecular motions necessary for muscular movements. Other 
biomolecular motors? play key roles in replication, tran- 
scription, and translation, such as the DNA and RNA 
polymerases,” which operate on a nucleic acid track in a 
unidirectional fashion to read or write genetic codes. Outside 
the cell, the underlying mechanism, by which bacterial flagella 
and the related cilia’ harness chemical energy to rotate and 
beat to power cellular motion, follows the same principles as 
those operating in single biomolecular motors. Their ability, 
however, to achieve synchrony remains an abiding biological 
mystery.” 

Molecular motors are often described very differently than 
are molecular pumps. Lauger,*' in his seminal treatise 
“Electrogenic Ion Pumps”, has pointed out explicitly that ion 
pumps do not function by a “power-stroke” mechanism. In 
contrast, molecular motors such as myosin are often described 
in terms of a large-amplitude, “force-generating” conforma- 
tional change, known as a “power-stroke”. Myosin (from Greek 
mys, muscle) was the first motor protein discovered®’ and is by 
far the best investigated to date. Since the discovery of myosin 
I by Pollard and Korn® in 1973, multiple forms have been 
identified.°"°°* Like the ion pumps, myosin is also an 
ATPase. The structure of myosin (Figure 2c) is shown in two 
different conformations, labeled as pre- and _post-“power- 
stroke” states. X-ray crystallographic structures are no doubt 
the origin of claims concerning the “structural origins of the 
power-stroke” put forth recently by Hwang and Karplus.*” 
Their interpretation is problematic, relying as it does on an 
input of energy—represented in their diagram with a lightning 
bolt and the words “fuel event”—to prime the molecule into a 
high energy form from which it can undergo relaxation in a 
process termed the “power-stroke”, as shown on the right-hand 
side of Figure 2c. This picture is not consistent with the 
principle of microscopic reversibility'””° and is thermodynami- 
cally incorrect. The description is misleading especially because 
light-driven motors, such as rhodopsins and photosynthetic 
reaction centers, do operate by a power-stroke mechanism 
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Figure 2. A comparison between biomolecular pumps and motors. (a) The Ca** ATPase pump embedded in a bilayer membrane. There are two 
different forms, E, and E,, that differ in their access to an ion-binding site from the two sides of the membrane. In the E, form, the binding site is 
open to the cytosol, and in the E, form, the binding site is open to the lumen. The transitions between E, and E, occur by thermal activation. The 
equilibrium constant governing the conformational change is in general different when the protein is phosphorylated (K,) than when it is not 
phosphorylated (K). (b) A simplified schematic kinetic mechanism for ATP hydrolysis-driven ion transport is shown as a cycle of states, where each 
clockwise cycle transports an ion (blue circle) from the cytosol (left) to the lumen (right), and each counterclockwise cycle transports an ion from 
the lumen to the cytosol. The fuel ATP is represented by T, ADP is represented by D, and inorganic phosphate, P; by P. The energy input comes 
from the tendency of ATP to be hydrolyzed rather than synthesized, a tendency that biases the direction of cycling based on the specificities for 


ATP versus ADP in states 2 and 4. The ratio of clockwise (cw) to counterclockwise (ccw) cycles is alow) = A,A; [see eq 1]. Significantly, this 


m(ccw) 

ratio is independent of the equilibrium constants of the reactions, i.e., is independent of the free energies of the states. (c) Two crystal structures of 
myosin: on the left, the pre-“power-stroke” state, and on the right, the post-“power-stroke” state. The common myth invoked in the field of 
biomolecular machines is that the energy released, RT log K,,,, in the transition between the two states is responsible for the ability of the system to 
do work against an applied load. This assertion is simply not true as shown by examining the complete kinetic cycle for the process. (d) A kinetic 
cycle incorporating the “power-stroke” (PS), accomplished with myosin (blue) attached to actin (green), and the “recovery-stroke” (RS), 
accomplished with myosin detached from actin. Completion of a clockwise cycle transports actin by the stroke distance to the left in the figure, 
while completion of a counterclockwise cycle transports actin by the stroke distance to the right in the figure. Despite lots of words used to 
elaborate the critical importance of the “power-stroke”, by use of microscopic reversibility we find that, as for the aforementioned ion pump, the 
ratio of the probability for a clockwise to counterclockwise cycle for this motor is AA; | [see eq 1]. This ratio is independent of any equilibrium 
constants and is hence independent of the free energies of the states. (e) Three kinetic representations for the identical kinetic cycles of the 
discussed pump and motor. The hypercycle in the middle is a projection of the cube on the left onto a plane. The 2D kinetic representation on the 
right is slightly different: it considers the hydrolysis and the coupled process (ion transport for the pump or actin motion for the myosin motor) as 
separate coordinates on a 2D periodic landscape. The elaboration of the pathways in terms of the bold or dashed transitions illustrate the 
characteristic zigzag pattern associated with coupled transport. If state 2 is specific for T and state 4 specific for D (bold lines), the downward 
tendency arising from ATP hydrolysis tends to drive the system to the right. If state 2 is specific for D and state 4 is specific for T (dashed lines), 
the downward tendency resulting from ATP hydrolysis tends to drive the system to the left. 


and are described correctly by a diagram such as the one to the 
right of the two structures (Figure 2c) for myosin. Light-driven and must instead obey the Einstein relations'® for absorption 
processes are not constrained by microscopic reversibility”? and emission of light. 
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A cyclic mechanism for myosin is shown in Figure 2d. As in 
the case of the ion pump, the lower transitions for the ATP 
hydrolysis are often not shown. This omission, as before, is 
problematic and obscures the actual mechanism by which 
unidirectional motion occurs in muscle. 

Kinetic Asymmetry and the Mechanism of Biomo- 
lecular Pumps and Motors. The mechanisms for both the 
pump and the motor can be cast more generally as shown in 
Figure 2e. The left and center representations®°®’ are 
equivalent, with the center representation being a projection 
of the left, cube, representation in Figure 2e. These 
representations reflect the fact that the states of both the 
pump and the motor can be described in terms of three 
dichotomic (2X2X2) properties. For the pump, these proper- 
ties are E, and E,, binding site occupied and empty, and 
phosphorylated and dephosphorylated. For the motor, these 
properties are pre- and post-power-stroke, attached to and 
detached from actin, and phosphorylated and dephosphoryl- 
ated. The ratios for the elementary rate constants for the 
conformational changes, E; = E, or pre-“power-stroke” = 
post-“power-stroke”, and for the ion-binding changes occupied 
= empty and also attached = detached, are given by 
microscopic reversibility”? in the familiar Boltzmann form, 
ie, as equilibrium constants. The transitions between 
phosphorylated @ dephosphorylated are not described by 
elementary rate constants and their ratio is given as the 
product of an equilibrium constant and a kinetic asymmetry 
factor. 77° 

We can see the importance of kinetic asymmetry by 
considering the Michaelis—Menten’' mechanism for the 
catalytic process of ATP hydrolysis (Scheme 1) carried out 
by any of the four states: 
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any of the states but only on the relative energies of the 
transition states for dissociation to substrate or product. When 
kio >> Kicay we say the state i is specific for substrate, and 
when Kica > kiom the state i is specific for product. The ratio 
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diagrams in Figure 2e is rọ = Ky KyyK eK pK p Ky AAZ”. 
=1 
If AGarp = 0, both kinetic asymmetry factors are individually 
unity and r = 1, but if Ret = Fra, then rọ = 1, irrespective of the 
2,off 4, off 

value of AG;rp. This result shows that the current emphasis on 
dissipation-driven processes is seriously misguided. Dissipation 
is, of course, an ineluctable accompaniment to directed 
motion, non-equilibrium assembly, and adaptation, but by no 
means is it sufficient. The essential design feature is kinetic 
asymmetry, which constrains all non-equilibrium behavior. 

The panel on the right®’ of Figure 2e offers another view of 
how directionality is determined in molecular machines. This 
representation focuses on the periodicity of the overall catalytic 
processes, where one periodic completion in each direction is 
shown in the representation on the right in Figure 2e. In this 
representation, each forward and backward transition is 
characterized by a pair of elementary rate constants, and so 
the ratios are given by microscopic reversibility.'”°° The key 
discrimination occurs at states 2 and 4. If state 2 is specific for 
ATP and state 4 is specific for ADP-P, then the overall 
hydrolysis-driven mechanism proceeds from left-to-right along 
the bold trajectory in the order 1723-41. If state 2 is 
specific for ADP-P; and state 4 is specific for ATP, then the 
hydrolysis-driven mechanism proceeds from right-to-left along 
the dashed trajectory in the order 14—>3—>2—>1. The energy 
released in steps 1=2 and 3°=4? play no role at all in 
determining the direction of motion, stopping load, or optimal 
efficiency.” The confusion in the literature about the role of 
the “power-stroke” seems to arise from visualizing a 
mechanism involving a deposition of energy and a single 
specific transition. While this perspective is indeed valid for 
light-driven processes, Hill and Eisenberg”? have shown that 
energy transduction cannot be localized in a specific transition 
for catalysis-driven processes. 

Why the Power-Stroke Model Is Wrong for Catalysis- 
Driven Motors. The idea behind the putative power-stroke 
model is very simple—chemical energy, e.g., from phosphor- 
ylation by ATP, is used to promote a motor molecule (Figure 
2c) from a low free-energy state (i) into a high free-energy 
state (i?) from which it relaxes directionally to a lower free- 
energy state (j°). This relaxation process is called a power- 
stroke (PS). Spontaneous dephosphorylation resets the system 
to state j from which the motor can execute the recovery-stroke 
(RS) back to state i, but having undergone some translation or 
having accomplished some task by means of the directional 
relaxation. In order to understand why this simple and natural 
picture is wrong, we must view the overall process 
holistically—as part of a complete cycle—and not just in 
terms of the power-stroke. The process can be described 
(Scheme 2) as 
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Figure 3. (a) Rotation of the F, ATPase coupled to ATP hydrolysis. (i) Graphical representation inspired on the crystal structure of the F,F,-ATP 
synthase. (ii) Top view of the schematic illustration of rotations (horizontal transitions) coupled to chemistry (vertical transitions), where substeps 
are not shown. The mechanism follows Jencks’ rules for vectorial coupling in which chemical and mechanical steps are interleaved. The white 
letters (T = ATP, D = ADP, E = empty) indicate the chemical states, and the colors (green/orange/blue) of the pie-graphs are used to keep track 
of the rotational state and are keyed to those in (iii). Top view of the schematic showing the F, trimer of dimers and the central y stalk (gray). (b) 
A Contour plot of the energy of the F; molecule—a trimer of dimers plus a central stalk—computed by energy minimization of the crystal 
structures subject to having the chemical state of each of the three dimers constrained. The low-energy blue channel running from the upper left 
(labeled Fp) to lower right (labeled F ) defines a priori the most likely trajectory for the F; molecule, and the relatively low activation barrier— 
saddle point—along this channel is labeled ¢,. Paths leading from the upper right-hand corner (labeled B,) to the lower left-hand corner (labeled 
B) in contrast must pass over a higher activation barrier labeled ey. (c) A kinetic lattice model conveys the same information as the 2D sculpted 
energy landscape shown to the left. The states (A/C and B) are connected by transitions (red/orange/blue/green) arranged in order of the heights 
of the activation barriers, from highest (red) to lowest (green). The relative likelihood of the paths F/F} versus B/Bz is determined solely by the 
differences in the activation barriers, while the relative likelihood of the paths F versus Fg, and the relative likelihood of the paths B versus Bp, are 
determined by the free energy released by ATP hydrolysis according to microscopic reversibility. 


involving phosphorylation by ATP (T) or dephosphorylation Oion p Kes p®jof , , , 
to ATP and the other phosphorylation by ADP + P, (D-P) or a =j al = =i. This compaction of notation 
i, jon 


dephosphorylation to ADP + P;. Trajectory thermodynamics”? 
provides the recipe by which these two paths can be averaged, 
allowing Scheme 2 to be written with effective rate constants as 


has led to a widespread error in the literature. The so-called 
stochastic thermodynamics theory” is based on an incorrect 
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approximation known as “local detailed balance”, according to 
Qi on 


w, R 
and —™ are treated as state functions, 
0, 
off 


which the ratios 


Oi, off 
namely, the exponentials of the “entropy produced in the 
transitions”. This incorrect approximation can even lead some 
authors to publish results that are patently inconsistent with 
the second law of thermodynamics, as discussed in ref 37. We 
must be very clear—away from equilibrium, the ratios of 
effective state-to-state transition constants are not in general 
state functions and ineluctably involve a purely kinetic 
component that depends on the relative activation barriers 
for binding/release of ATP versus binding/release of ADP + P; 
in the states i and j. We must avoid falling into the logical error 
pointed out by Koenig, Horne, and Mohilner®® in which 
theoreticians simply decide which of several thermodynami- 
cally allowed processes to ignore. This mistaken “local detailed 
balance” approximation fails to recognize the importance of the 
kinetic component. The correct expression for the ratios, 
shown in eq 1, which was derived and published” in 1996, 
illustrates clearly that the origin of directionality lies in kinetic 
gating. Indeed, kinetic asymmetry bounds the non-equilibrium 
behavior of any molecular machine, and the directionality is 
given by 


KR Rc 


-1 
KI AA j 
j 


(2) 


The ratio of forward (left-to-right) to backward (right-to-left) 
completions of a cycle in eq 2 is AA; the intrinsic (load 


=1 


free) directionality of the machine. The directionality in eq 2 
does not depend at all on the equilibrium constant for the 
power-stroke, Kps, or on any other equilibrium constant in the 
mechanism, or for that matter on any of the free energies of the 


states. Any thermodynamic advantage of having the transition 
Kps 


P 282 


i j be exergonic is canceled by the requirement of 
endergonic transitions necessary to reset the system. The idea 
that the direction of the motion is determined by the free 
energy released during the conformational change by which a 
molecular motor moves is simply false. In a recent computa- 
tional study of Myosin V, Warshel’* found that the specific 
conformational change termed the “power-stroke” is in fact 
endergonic in the normal direction of motion. The widely used 
terms “force-generating state” or “force-generating transition” 
have no physical basis and do not make sense. Unlike energy, 
the storage form of which is potential energy, there is no 
storage form of force, and hence “force generation” is not a 
sensible concept. As emphasized by Hill and Eisenberg,” the 
ability to do work against an applied load is a function of an 
entire cycle and not of any specific state or transition within 
the cycle. In a recent paper, Hwang and Karplus“? make the 
claim that there is a structural basis for distinguishing between 
“power-stroke” and “Brownian ratchet” mechanisms for 
molecular motors. These authors arrive at this erroneous 
conclusion by considering local events in the motor 
mechanisms, rather than taking on a global perspective of 
the cycle as a whole. Focusing on a single transition or 
sequence of transitions is a mistake against which Hill and 
Eisenberg? cautioned in 1981. While there is indeed a 
structural change by which a motor molecule (Figure 2c) 
moves, the free energy absorbed from or released to the 
environment locally plays no role whatsoever in determining 
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the directionality, stopping load, or optimal efficiency of the 
motor.” Hwang and Karplus“? exacerbated the confusion 
sown with a cartoon picture in which the effect of ATP is 
represented by a lightning bolt accompanied by the words “fuel 
event”. Such terminology is extraordinarily misleading—light- 
driven processes are constrained by the Einstein relations" for 
absorption and emission of light. As we will see in the 
subsequent discussion on light-driven motors and rotors, the 
power-stroke can, and often does, determine the directionality 
of light-driven rotors. All chemical reactions, on the other 
hand, including phosphorylation of a protein by ATP, are 
constrained by microscopic reversibility.” Because of this 
difference in constraints, no ATP hydrolysis-driven pump or 
motor can operate by a power-stroke mechanism, even though 
light-driven motors can and do operate by a power-stroke 
mechanism. 

F,F, ATP Synthase: Diffusion on a Sculpted Energy 
Landscape. A paradigmatic example of a catalysis-driven 
biomolecular motor,”° the F,F, ATP synthase (Figure 3a), is a 
combination of two motors—the F,, driven by the catalysis of 
ATP hydrolysis, and the F,, driven by protons” moving from 
high to low electrochemical potential across the cellular 
membrane. When coupled, the dual motor system F,F, is 
capable of generating ATP, a thermodynamically demanding 
process that is powered by the energetically downhill transport 
of protons through F,. Theoretical studies, based on the solid- 
state structure of the F, motor, have elucidated”? the 
organizing principle behind the rotary chemical action 
observed in numerous experiments.’”°*”*! These investiga- 
tions reveal that catalysis-driven biomolecular machines can be 
understood as systems operating under a simple and universal 
mechanism—diffusion on a sculpted energy landscape—that 
applies equally to the pump and motor in Figure 2. An example 
is shown in Figure 3b taken from the work of Mukherjee and 
Warshel.”° The low energy zigzag corridor (shown in blue), 
running from the upper left-hand to the lower right-hand 
corner, describes the energetically preferred pathway and is a 
quintessential manifestation of the zigzag mechanism on a 
kinetic lattice predicted previously.°°’ Coupling between 
rotation and ATP hydrolysis is achieved by kinetic blockage 
due to the high transition-state energy £y relative to €; the 
transition-state energy along the favored path. The relative 
depths of the energy wells—ie., the free energies of the 
states—play no role whatsoever in determining directionality. 
The energy landscape obtained by Mukherjee and Warshel’° 
provides a concrete embodiment of coupling by kinetic 
blockade shown in kinetic lattice models (Figure 3c) of a 
variety of systems.°**”’* The energy surface is sculpted by 
evolution and reflects the structure—energetics—function 
paradigm of biological macromolecules. The essential point 
is that the motion is governed by an energy surface, U(f), a 
scalar field with the concomitant identity V x VU(7) = 0. 
Since the system operates at low Reynold’s number,*’ the 
velocity is proportional to the force (gradient of the local 
potential) that causes the motion.” These relations underlie 
the principle of microscopic reversibility.'”°° There is no, nor 
can there be, “curl flux” in a fundamental description of the 
motion of catalysis driven molecular machines. Similarly, 
descriptions involving “hopping” from one energy surface to 
another due to chemical reaction cannot lead to a 
thermodynamically consistent description of these machines. 
The very common assertion in the literature that molecular 
machines are “away-from-equilibrium” is pernicious, not 
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because it is incorrect, but because the statement emphasizes 
the wrong aspect of molecular machine function. Although the 
chemical potentials in vivo are such that wy >> fp + fp, the 
physical motions of the proteins following association/ 
dissociation of ATP (T), ADP (D), and P; (P) are mechanical 
equilibrium processes irrespective of the bulk chemical 
potentials. It is only the relative probabilities of the motions 
that vary as a function of Ay = py — (Hp + Mp), not the nature 
of the motion itself. Consider a system with a molecular 
machine in equilibrium, ie. with Aw = 0. Every motion 
accessible to the molecule occurs even in equilibrium, but each 
trajectory is exactly as likely as its microscopic reverse so there 
is no net progress in any direction. The F,;-ATPase for which 
the energy landscape is given in Figure 3b will, at equilibrium, 
diffuse back and forth predominately but not exclusively in the 
low energy zigzag channel. There will, of course, be neither net 
ATP hydrolysis nor synthesis and no net rotation. 

When extra ATP is added, the nature of the motions of the 
atoms that make up the F;-ATPase molecules do not change. 
The relative probabilities, however, for those sequences of 
transitions involving binding ATP and release of ADP + P; are 
favored relative to the microscopic reverses of those 
transitions, in which ADP + P; bind and ATP is released. In 
Figure 3b, this bias means that when ATP is in excess, top-to- 
bottom trajectories are favored relative to bottom-to-top 
trajectories, a bias which, in combination with the structural 
zigzag energy landscape, leads to clockwise rotation. The 
physical motions of the protein do not involve dissipative loss 
of energy due to friction any more than would those same 
motions result in frictive energy loss when Ay = 0. The major 
source of dissipation is futile cycles in which ATP is hydrolyzed 
without rotation in the desired direction. 

Hybrid Artificial-Biological Pumps and Motors. 
Biomolecular pumps and motors are, as is always the case in 
nature, complex and exquisitely crafted. The F; motor of F,F,- 
ATPase, for example, can use almost 100% of the input 
chemical energy to drive the motion.*” These natural machines 
provide a source of inspiration for those of us who are inclined 
to tackle the construction of their artificial counterparts. In 
addition to this incentive, however, they can also be viewed as 
ready-made devices awaiting adaptation for new tasks, just like 
oxen waiting for plows. Adaptation of biomolecular motors was 
initiated by the pioneering work of Kinosita,*’ who was able to 
mount F,-ATPase on a surface and attach a fluorescent tag to 
its rotating subunit, allowing the first direct visualization of the 
motor’s unidirectional rotary motion, a direct confirmation of 
Boyer’s earlier hypothesis.””°* Montemagno% subsequently 
adapted and extended attachment chemistries to the task of 
building a functional “hybrid” molecular machine (Figure 4) 
based on F,-ATPase. He attached a long propeller arm to the 
central y-subunit (“shaft”) of the biological motor and bound 
its f-subunit to a nanofabricated Ni surface, to create 
propellers which rotate unidirectionally in response to their 
fuel, namely ATP. 

The programmable nature of DNA binding has made’ it 
useful for the creation of a number of hybrid motors, such as 
bipedal DNA walkers that mimic myosin?” and other 
biomolecular walkers. One DNA walker has even been 
programmed®® to perform a multistep organic synthesis as it 
progresses along its track. We point the interested reader to 
reviews” that have covered DNA-based and other hybrid 
motors””' systems extensively. The motor proteins them- 
selves are also beginning to find applications” outside of the 
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Figure 4. An early hybrid nanopropeller reported by Montemagno 
using a modified F;-ATPase motor. The motor was bound to a 
nanofabricated nickel surface using histidine tags engineered into their 
p-subunits, while a long synthetic propeller arm was attached to the y- 
subunit using biotin/streptavidin linkages. This propeller rotates 
unidirectionally in response to the addition of ATP to solution and 
can also be halted by introduction of an inhibitor, NaN3. 


cell as components of complex nanostructures. Examples” 
include the utilization of kinesin in molecular computation 
arrays as well as, perhaps unsurprisingly, being investigated as a 
component of synthetic actuators for muscles in prosthetic 
limbs. 

Although the integration of hybrid, or artificial pumps and 
motors into cells is still in its infancy, progress is being made in 
this field. As an example, Gale * has demonstrated that 
chloride anionophores, coupled with transmembrane proton 
gradients, can pump chloride anions selectively inside 
liposomes in a fueled system that is expected to be generally 
applicable to many anionophores. Such advances are taking us 
steadily closer to realizing Hibbs and Feynman’s famous 
prediction? that nanomachines may allow us to one day 
“swallow the surgeon”. Non-biological structures may in the 
fullness of time give rise to a new suite of exploitable 
properties. We refer the interested reader to a review”® that 
covers anion transporters in more depth. 


© LIGHT-DRIVEN ARTIFICIAL MOLECULAR PUMPS 
AND MOTORS 


For a photochemical process A@B, the ratio of the transition 
18 @sp 


constants @4g and Wg, is given by the Einstein relations, 
Opa 


= —— Plan) where p(vpgq) is the density of photons around 
sahha 

8 + pupa) 
the frequency. We can obtain a general relation by taking the 
illumination source to be a blackbody (bb) radiator at 
temperature Tp. With the blackbody density-function p(v,g) 


8ahv3s p —AG,,/RT. =] e; i 
= habe AGan/ RT — 11-1 we find 22 = eAGw/RT, which can 
Opa 
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Figure 5. Conceptual and schematic representations of rotary motion in a molecular motor, and the different triggers that control the clockwise and 
counterclockwise motions. (a) Structural formula of the molecular rotary motor A, which comprises a rotor and a stator connected by a C=C 
double bond (axle) that serves as the axis of rotation. (i) Graphical representations of the top and side-on views of A with the stereogenic center 
carrying a methyl group at C-2’. (ii) Clockwise (left) and counterclockwise (right) rotary cycles. The changes in the orientation of the rotation of 
the rotor with respect to the stator are indicated by the top and side-on views. The consecutive steps of photoinduced (hv) isomerization (uphill) 
and thermal (A) helix inversion, repeated a second turn, lead to complete clockwise, or counterclockwise rotation. Base-induced epimerization of 
the less stable isomers, following photochemical helix inversions, results in reversal of the direction of rotation. (b) The experimental work was 
carried out on a compound with an electron-withdrawing CONMe, group at C-3’. Clockwise rotation is initiated by light-induced photochemical 
isomerization (Step 1) of the stable (S)-(M)-1 to give the less stable (S)-(P)-1’, followed by thermal isomerization (Step 2) to afford the stable 
(S)-(M)-1. Complete clockwise rotation is achieved with consecutive photochemical (Step 3) and thermal (Step 4) isomerizations. The 
enantiomer can be obtained by based-promoted epimerization (Step 5) of the less stable (S)-(P)-1' to give the stable (R)-(P)-1. Complete 
counterclockwise rotation (Step 1’>2’3’—4’) of the stable motor proceeded analogously to the clockwise rotation (Step 1+2—3-4). Base- 
induced epimerization of the less stable (R)-(M)-1’ affords (Step 5’) the stable (S)-(M)-1. 


be rewritten in terms of the steady-state ratio between the large as possible. The transition B—A is the “power-stroke”, 
concentrations as: and in the case of light-driven processes, description of the 
overall process as operating by a power-stroke mechanism is 

[B] = ef Gas/RT [ocimo AGas/RT] also appropriate. po 
[A] |. (3) Light-Driven Artificial Molecular Motors. In his design 
of rotary motors, Feringa’ drew inspiration from the response 
By use of the expression for the Carnot efficiency in eq 3, to light that is the basis for the cis-trans isomerization around a 

[B] carbon—carbon double bond in the retinal chromophore.” ” 

lcamot = (1 7 x} BOE api iMag tt 2nd TTP ap [Al |, In 2010, Feringa” reported the design and ae of a 
approaches unity—the bright light limit—whereas for Ty, © T, molecular motor in which the direction (clockwise, or 
NCamot >O and the ratio approaches the standard equilibrium counterclockwise) of the light-powered rotation can be 
value. The energy storage is maximized under bright light reversed by base-catalyzed epimerization of the single stereo- 
illumination and by choosing a reaction with Gg >> Gy so that genic center in the molecular motor. A four-step switching 
the relaxation upon removal of the illumination source is as cycle ensures (Figure 5) the unidirectional 360° rotation of the 
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rotor relative to the stator in the molecular motor A. The full 
360° rotation of one half of A relative to the other is driven by 
two energetically uphill photochemical isomerization steps, 
each followed by energetically downhill irreversible thermal 
helix-inversion steps. While the unidirectional rotary motion is 
governed by the two thermal helix inversion steps, the relative 
stability of the states and hence the direction of rotation are 
dictated by the absolute configuration of the stereogenic 
center. It was hypothesized (Figure Sa) that the direction can 
be changed from clockwise to counterclockwise by inverting 
the configuration of the stereogenic center, which can be 
achieved by the base-catalyzed epimerization of the stereogenic 
center in the less stable isomer. The epimerization of the 
motor in a less stable configuration leads to the formation of 
the thermodynamically more stable isomer. When it came to 
performing experiments to test this hypothesis, it was necessary 
to replace the Me group with an electron-withdrawing group 
(EWG = Me,NOC) in Figure Sb and also to reposition the 
stereogenic center (2’-3’ position) in the molecular rotor to 
avoid an undesirable side reaction. Following the photo- 
induced isomerization of the clockwise rotating form'”° (S)- 
(M)-1 to afford the less stable isomer (S)-(P)-1 with the EWG 
forced to adopt a sterically unfavorable pseudo-axial 
orientation, there are two choices. When heated, the motor 
reverts to the stable (S)-(M)-1 form by means of a thermal 
helix-inversion [(P)—(M)]. Under basic conditions, however, 
the motor undergoes epimerization [(S)—>(R)] forming the 
enantiomer (R)-(P)-1 which displays counterclockwise 
rotation on photochemical isomerization, followed by irrever- 
sible thermal helix inversion. Overall, the driving force for the 
reversal in the direction of rotation from clockwise to 
counterclockwise in the case of this light-driven molecular 
motor is the relief of strain in the less stable(S)-(P)-1 when the 
EWG adopts a more favorable pseudo-equatorial orientation in 
(R)-(P)-1. While this motor operates in a stepwise fashion 
based on changes in the environment and is hence very slow, 
other similar motors have been designed by Feringa'°'~*°° that 
can operate’”° with power-strokes lasting less than 50 fs (limit 
of detection), which approaches the theoretical speed limit 
predicted by quantum mechanics. °” 

Ever since Feringa’s seminal paper appeared in Nature” 
over 20 years ago, new generations of his light-driven artificial 
molecular motors (AMMos) keep appearing with constant 
frequency in the chemical literature‘°”'®’ with added refine- 
ments. °! The Groningen group have kept their eyes firmly 
on applications''’'’” as well as attaching their AMMos to 
surfaces''”’''* and embedding them in metal-organic frame- 
works. 577 Aside from Feringa’s AMMos that are based on 
the relative rotation of rotors and stators around C=C double 
bonds, there are promising variants based on C=N double 
bonds.''*’'"” It is clear that there is plenty of room for diversity 
to visit the design and synthesis of artificial molecular rotary 
motors. 

Light-Driven Artificial Molecular Pump. In 2015, 
Credi'*° achieved relative unidirectional transport of a crown 
ether along an asymmetric photoswitchable pseudo-dumbbell 
(Figure 6) using light and thermal energy. The overall 
transport of the ring along the pseudo-dumbbell occurs by 
thermal motion. Directionality is achieved by the photo- 
isomerization of an azobenzene unit, which is intrinsically not 
bound by microscopic reversibility." The photoswitching 
controls both the non-covalent interactions (depth of a 
thermodynamic well) at a recognition site on (E)-ADB* for 
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Figure 6. Structural formulas and graphical representations for 
DN[24]C8 and the two configurations of the pseudorotaxane, namely 
(E)-ADB* and (Z)-ADB*. The pseudorotaxane comprises a central 
dialkylammonium recognition site for the DN[24]C8 ring with a 
photoswitchable azobenzene unit at one end and a methylcyclopentyl 
pseudo-stopper at the other. The overall transport of the ring along 
the pseudo-dumbbell occurs by thermal motion. Directionality is 
imparted by the light-induced (E)- > (Z)-ADB* transition which is 
intrinsically not bound by microscopic reversibility. The energy 
profiles represent the free energy of the pseudorotaxane as a function 
of the position of the ring along the pseudo-dumbbell. 


DN[24]C8, and also the relative transition-state energies 
(heights of kinetic barriers) for the threading and dethreading 
over both ends of the pseudo-dumbbell. (E)-ADB* and (Z)- 
ADB* both comprise a central dialkylammonium recognition 
site! for a dinaphtho[24]crown-8 ether DN[24]C8, a 
photoswitchable azobenzene unit at one end, and a 
methylcyclopentyl pseudo-stopper at the other end of the 
pseudo-dumbbell. As a result of a combination of [N*—H---O] 
and [C—H---O] hydrogen-bonding interactions between the 
—CH,NH3CH,— unit and the crown ether, and [z--z] 
stacking interactions between the azobenzene and the naphtho 
units of the crown ether, the DN[24]C8 ring threads onto the 
pseudo-dumbbell and encircles the dialkylammonium recog- 
nition site preferably from the (E)-azobenzene end of (E)- 
ADB* on account of the relatively small kinetic barrier 
compared with that imposed by the methylcyclopentyl pseudo- 
stopper. Irradiation with light triggers the photoisomerization 
of the azobenzene from its (E)-configuration to its much 
bulkier (Z)-configuration while curtailing the hydrogen 
bonding and [mæ-mæ] interactions between the ring and (Z)- 
ADB". These changes in the energy landscape oblige the ring 
to part company with the pseudo-dumbbell by dethreading 
over the smaller steric barrier offered by the pseudo-stopper. 
The reset of the pseudorotaxane is achieved by the conversion, 
under either irradiation or thermal relaxation, of (Z)-ADB* 
back to (E)-ADB*, and hence the pseudorotaxane can be made 
to operate continuously and autonomously. This pseudorotax- 
ane can be regarded as a prototypical light-driven artificial 
molecular pump. 

Credi has reviewed the latest research from the Bologna 
group on photoactive artificial molecular machines (AMMs) in 
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Chemical Communications, ™? Advanced Materials,'** and 
Chemical Reviews.” It is worthy of note that similar effects 
can be achieved by the electrical driving of a small molecular 
rotor. ~ 


@ ARTIFICIAL MOLECULAR PUMPS BASED ON 
ENERGY RATCHETS 


The theoretical basis for understanding free-energy trans- 
duction is found in the work of Onsager,” who derived the 
reciprocal relations for which he was awarded the Nobel Prize 
in Chemistry'*’ in 1968. Onsager’s work had already set the 
stage for the development of chemical relaxation techniques 
used to study the kinetics of very fast chemical reactions, 
research that had been awarded the Nobel Prize in 
Chemistry" to Norrish, ”? Porter,” and Eigen”?! the 
previous year. Norrish and Porter were recognized for their 
use of light to disturb chemical equilibria. Eigen was 
recognized for the development of techniques by which 
rapid changes in thermodynamic parameters, e.g., electric field, 
pressure, or temperature, could be driven. He also developed 
the theory by which the resulting changes in chemical 
concentrations could be interpreted in terms of the kinetics 
of the chemically reacting system. Unfortunately, the Nobel 
citation, 

for their studies of extremely fast chemical reactions, effected 

by disturbing the equilibrium by means of very short pulses 

of energy... 
which implies that a pulse of light energy is more or less the 
same as energy introduced by a rapid change in thermody- 
namic parameters, is misleading. The constraints on how light 
works to pump a chemical system to a non-equilibrium state— 
quantified by the Einstein relations‘"—are very different from 
those arising from microscopic reversibility'”*° which 
constrains how thermodynamic perturbations influence a 
chemical reaction. The essential feature necessary for energy 
transduction from a time-dependent thermodynamic perturba- 
tion is a molecular structure that provides an energy well 
flanked by two energy barriers, where the well and at least one 
of the barriers are influenced by the perturbation. The 
paradigmatic model is a Michaelis—Menten’’ mechanism 
with time-dependent rate constants.” For any constant 
environment the ratio between the concentrations of the 
product (P) and substrate (S) of the catalyzed reaction is the 


same equilibrium constant, PI ge Key 


(sl |, 

q 
absence of the catalyst. In the presence of external time- 
dependent driving, however, energy can be absorbed by the 
enzyme and transduced to maintain a non-equilibrium steady 


[P] 


that pertains in the 


state between the product and the substrate, 


[S] fes 
K,,(e "es! RT where (e Wess! RT) is the exponential average 


of the path-dependent (pd) energy absorbed by the catalyst 
from external perturbations. The weighted average is over all 
possible paths S, leading from substrate to product.'*” and the 
kinetic weights are the probabilities zg for a specific trajectory 
19,20 ms _ 


T gt 


S. These weights obey microscopic reversibility, 


Keg e Wras/RT, for every S, a general organizing principle for 


molecular machines, where SÏ is the microscopic reverse of S. 
The importance of the individual trajectories in assessing the 
possibilities of free-energy transduction has led to the 
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development of the field of trajectory thermodynamics, '** 
which has as its intellectual underpinnings the Onsager— 
Machlup thermodynamic-action theory** and which is based 
on the very solid principle of microscopic reversibility. ™””? The 
only “near-equilibrium” requirement for application of this 
theory is that the system be near mechanical equilibrium such 
that the physical velocities are proportional to the forces that 
cause them — the low Reynolds number’ regime — that 
applies to all molecular machines in solution. Trajectory 
thermodynamics holds arbitrarily far from thermodynamic 
equilibrium, i.e., the chemical potentials of the various 
components and molecular fuels of the system can be very 
different from one another. 

Redox-Driven Artificial Molecular Pumps (AMPs) 
Based on Rotaxanes. In 2013, we synthesized’** a 
constitutionally asymmetric pseudo-dumbbell, PDB’, designed 
(Figure 7) to generate relative unidirectional motion in which 
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Figure 7. Structural formulas for the CBPQT* and CBPQT?“**) 
rings, as well as the PDB* pseudo-dumbbell. PDB* consists of a 
centrally located electron-rich 1,5-dioxynaphthalene (DNP) recog- 
nition site (red) for the electron-deficient CBPQT* ring (blue), a 
neutral 2-isopropylphenyl (2IPP) unit (green) at one end and a 
positively charged 3,5-dimethylpyridinium (PY*) unit (blue) at the 
other end, linked with a triazole (T) ring (magenta). The PF; 
counterions are omitted for the sake of clarity. Unidirectional 
threading of the CBPQT** ring and dethreading of the 
CBPQT?**? ring along PDB* are realized by altering the redox 
states of the ring. Under oxidative conditions, the CBPQT* ring 
binds to the DNP unit following passage over the neutral 2IPP unit 
rather than over the positively charged PY* unit on account of 
Coulombic repulsion. Reduction of CBPQT** to CBPQT?**) 
switches off the donor—acceptor interactions with the DNP unit 
and attenuates the Coulombic repulsion between the ring and the PY* 
unit, allowing the ring to leave the PDB* over the PY* unit and re- 
enter bulk solution. Upon oxidation, the ring reverts to its 
tetracationic state, namely CBPQT™*, restarting the redox cycle and 
demonstrating the pseudo-dumbbell’s repeatable behavior as an 
energy ratchet. 


a cyclobis(paraquat-p-phenylene) (CBPQT**) ring threads at 
one end of the pseudo-dumbbell and dethreads over the other 
end. This pseudo-dumbbell PDB* consists (Figure 7) of a 
neutral 2-isopropylphenyl (2IPP) group, providing a steric 
barrier at one end, an electron-rich 1,5-dioxynaphthalene 
(DNP) unit in the middle of an oligo(ethylene glycol) chain 
and a positively charged 3,5-dimethylpyridinium (PY*) group, 
providing an electrostatic barrier at the other end. The 
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electron-rich DNP unit has good binding affinity for the 
electron-deficient CBPQT™* ring in its oxidized state by virtue 
of donor—acceptor interactions. Reduction of the ring negates 
these interactions, resulting in a lower binding affinity for the 
reduced CBPQT”**) form. Hence, when fully oxidized, the 
CBPQT** ring threads onto the dumbbell and binds to the 
DNP recognition site, forming a [2]pseudorotaxane. Thread- 
ing occurs predominantly over the neutral 2IPP group on 
account of the strong Coulombic repulsion between the 
tetracationic cyclophane and the PY* group. When a reductant 
is added, the CBPQT* ring is reduced to CBPQT?“*), 
switching off the donor—acceptor interactions with the DNP 
recognition site. Dethreading occurs primarily over the PY* 
group as a result of the significantly decreased Coulombic 
repulsion, thus completing a cycle of unidirectional threading 
and dethreading. This redox-driven unidirectional motion can 
also be powered autonomously by visible-light (4 = 450 nm) 
energy in the presence of a photosensitizer, namely Ru(bpy)3*, 
and a sacrificial electron donor, namely phenothiazine. This 
AMP prototype operates by a flashing energy ratchet 
mechanism: the structural arrangement of a steric barrier, a 
recognition site, and an electrostatic barrier forms what we 
now propose to call a pumping cassette—a principal active 
component of non-equilibrium molecular machines. 

The demonstration of unidirectional motion in 
intelligently designed rotaxanes and catenanes has fostered a 
new age of synthetic non-equilibrium?” ">$ chemistry. These 
mechanically interlocked molecules? (MIMs) lend themselves 
to the incorporation of fleets of components which are capable 
of working in an integrated fashion, harnessing external energy 
for the assembly of highly non-equilibrium systems, demon- 
strating pump-like and motor-like activity. Let us begin by 
considering artificial molecular pumps (AMPs). While early 
implementation’*® used donor—acceptor recognition sites as 
switchable components in prototypes of AMPs, they were 
limited in the amount of energy that could be captured and 
utilized to drive non-equilibrium processes. A radically new 
approach’? that offers the opportunity of transducing much 
greater amounts of energy became possible as a result of the 
discovery in 2010 by Trabolsi'*” of the formation of a very 
strong 1:1 trisradical tricationic complex between CBPQT***) 
and BIPY** units. This discovery led to the design and 
synthesis of several AMPs containing radically driven pumping 
cassettes. 

Redox-driven unidirectional translation along a dumbbell, 
which carries a collecting chain terminated by a stopper at one 
end and a pumping cassette at the other end, provided’*° the 
basis for the synthesis of two generations of AMPs—namely 
Mark I’*? and Mark II^" artificial molecular pumps. The 
dumbbell (DB**) employed (Figure 8) in the Mark II AMP 
consists of (i) a cationic 2,6-dimethylpyridinium (PY*) 
Coulombic barrier attached to (ii) a redox-switchable 
bipyridinium (BIPY**) unit’*® with (iii) an isopropylphenylene 
(IPP) steric barrier linked through (iv) a triazole (T) unit to 
(v) an oligomethylene collecting chain terminated by (vi) a 
sterically bulky 2,6-diisopropylphenyl stopper (S). The three 
components (i), (ii), and (iii) constitute the radically driven 
pumping cassette." In H I, the CBPQT* ring is reduced 
chemically to CBPQT**) which can pass over the PY* 
Coulombic barrier to form a trisradical tricationic complex 
with the reduced BIPY** unit. In stage II, the strong 
Coulombic repulsion between the CBPQT* ring and the 
BIPY** unit in the pumping cassette, which arises as a result of 
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Figure 8. Structural formulas (left) and graphical representations, 
overlaying energy landscapes (right) for one redox cycle of the Mark 
II artificial molecular pump (AMP). The dumbbell (DB**) consists of 
a positively charged 2,6-dimethylpyridinium (PY*) Coulombic barrier 
(blue), a redox-switchable bipyridinium (BIPY’*) recognition site 
(blue), an isopropylphenylene (IPP) steric barrier (green), and a 
triazole (T) ring (magenta), linking the pumping cassette to an 
oligomethylene collecting chain, terminated by a (black) 2,6- 
diisopropylphenyl stopper (S). In stage I, the positively charged 
CBPQT™ ring in bulk solution (MeCN) is prevented from threading 
onto the dumbbell because of the electrostatic barrier presented by 
the PY* unit and the steric barrier provided by the S stopper. In stage 
II, when all the BIPY”* units on the ring and in the dumbbell have 
been reduced chemically (Zn dust) to CBPQT***) and BIPY**, it 
becomes possible, because of decreased Coulombic repulsion, for the 
ring to pass over the PY* unit and form a trisradical tricationic 
complex (purple) with the BIPY** unit in the dumbbell. In stage III, 
the pumping cassette is switched by chemical (NOPF,) oxidation, 
removing the radical stabilization. The now strong Coulombic 
repulsion between the CBPQT* ring and the BIPY** and PY* 
units in the dumbbell enforces ring traversal over the IPP steric 
barrier and onto the collecting chain by thermal activation at room 
temperature, thus forming a [2]rotaxane in an away-from-equilibrium 
metastable state. 


oxidation, causes the formation of a metastable state in which 
the ring is located up against the IPP steric barrier. In stage III, 
the ring ultimately passes over the barrier by thermal activation 
to become kinetically trapped on the oligomethylene collecting 
chain, forming a [2]rotaxane. This kinetically stable, away- 
from-equilibrium [2]rotaxane can subsequently recruit a 
second CBPQT* ring from solution by undergoing the 
same redox cycle again, to form a [3]rotaxane. It should be 
noted that the IPP steric barrier traps the first ring on the 
collecting chain, preventing return to the BIPY** recognition 
site during recruitment of the second ring during a subsequent 
redox cycle. The steric and Coulombic barriers have been 
optimized'*° such that (i) a CBPQT?“*) ring in solution can 
thread onto the dumbbell to bind with the BIPY** recognition 
site in its reduced state, (ii) the steric barrier is not so great 
that it prevents the passage of the CBPQT* ring, driven by 
Coulombic repulsion from the BIPY”* unit in its oxidized state, 
and (iii) when the bipyridinium unit is reduced in subsequent 
redox cycles, passage of a ring from the bulk over the 
electrostatic barrier is energetically more favorable than the 
ring on the collecting chain passing back over the steric barrier, 
making it possible to collect two rings sequentially. 
Importantly, the first ring on the collecting chain has no 
measurable effect when recruiting the second ring. In 
summary, we have focused on the second version of an 
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Figure 9. Structural formulas of dumbbells and graphical representations overlying energy profiles for a molecular dual pump (MDP) and a 
photoswitchable molecular pump (PcMP). (a) The molecular dual pump (MDP) comprises two Mark II pumping cassettes linked together in a 
head-to-tail manner. The four stages (I>II>III>IV-1) occur over two redox cycles. Stage III involves the CBPQT* rings in bulk solution 
being reduced along with both BIPY** units in the dumbbell. A CBPQT?(**) ring passes over the terminal PY* onto the BIPY** unit forming a 
trisradical tricationic complex. Another CBPQT?(**) ring binds onto the terminal BIPY** unit at the other end of the dumbbell. Upon oxidation 
(stage II-III) the CBPQT* ring on the end of the dumbbell dissociates rapidly back to bulk without participating in the overall unidirectional 
motion. The critical CBPQT* ring, located between the PY* and IPP barriers, is forced by Coulombic repulsion to overcome the IPP steric barrier 
forming a stable (and isolable) [2]rotaxane. In stage I—IV, reduction of the [2]rotaxane results in the formation of the CBPQT?**) ring which 
passes over the centrally located PY* unit, forming a trisradical tricationic complex, i.e., a [2 ]pseudorotaxane. Upon oxidation in stage IVI, the 
[2]pseudorotaxane dissociates and releases the CBPQT* ring back into the bulk solution. In summary, the MDP is capable of transporting a 
CBPQT™ ring from solution unidirectionally along its dumbbell component and back into solution. (b) The photoswitchable molecular pump 
(PcMP) comprises a Mark II pumping cassette linked by a triazole (T) ring (magenta) to an oligomethylene collecting chain which is terminated 
by a photocleavable stopper (PcS, orange). In stage III, a redox cycle forms a metastable [2]rotaxane. In stage II-III, irradiation with UV (A = 
365 nm) light results in cleavage of the PcS stopper, breaking the mechanical bond, to release the CBPQT™ ring into bulk solution. 


AMP" that is able to move a couple of rings unidirectionally with the CBPQT?*) ring and re-introducing the possibility 
under redox control and store them on a collecting chain in a for radical—radical complexation. The IPP steric barrier 
non-equilibrium state. prevents the collected ring from taking a retrograde step, 
Controlling Ring Capture and Release. Unlike molec- resulting in its forward movement to the terminal BIPY** 
ular motors, the molecular pumps that we have described reach recognition site. Subsequent oxidation ejects (IVI) the ring 
a non-equilibrium steady state when the collecting chains of from the MDP, having transferred it unidirectionally across its 

the final [n]rotaxanes are saturated with rings. In order to length. 
recover the initial dumbbell, it is desirable to release the In the photocleavable molecular pump'*’ (PcMP), the steric 
captured ring(s) in a controlled manner. stopper of the Mark II pump'*° (Figure 8) is replaced (Figure 
Two AMPs (Figure 9) that allow controlled capture and 9b) by an o-nitrobenzyl alcohol derivative'** as a photo- 
release have been described recently in the literature. “74 cleavable stopper (PcS). The PcS can detach from the 
Both of these AMPs have cassettes based on the Mark II collecting chain as a o-nitrosobenzaldehyde under light 
pump’*° (Figure 8) and form kinetically stable rotaxanes with irradiation. A CBPQT* ring from solution can be threaded 
a CBPQT** ring following either a chemical or an electro- on the dumbbell with a similar mechanism of the Mark II 
chemical redox cycle. In the molecular dual pump'** (MDP), a pump as the energy barrier of the PcS is redox independent. 
partial pumping cassette consisting (Figure 9a) of 2,6- Upon UV (A = 365 nm) irradiation (II-III), the PcS is 
dimethylpyridinium (PY*) and bipyridinium (BIPY’*) units cleaved from the dumbbell, resulting in the release of the ring. 
is connected to the collecting chain of the first pump in a head- The intermediate [2]rotaxanes formed by either (i) MDPs 
to-tail fashion. After a single redox cycle (I>II-III), a or (ii) PcMPs can be isolated from free CBPQT solution 
[2]rotaxane is formed (~85% reliability) because dethreading without causing dethreading of their captured rings. The 
of the CBPQT* ring is prevented by the PY* Coulombic release of the ring is controlled by the use of (i) a chemical or 
barrier in the middle of the dumbbell. Under reducing an electrochemical redox cycle or (ii) continuous UV 
conditions (III—IV), the BIPY’* units are converted into the irradiation. Thus, by utilizing MDPs or PcMPs, not only can 
radical cationic BIPY°*, attenuating the Coulombic repulsion CBPQT™ rings be moved along the dumbbells unidirection- 
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Figure 10. Structural formulas of the starting polydumbbell (PolyDB™) and the CBPQT* rings employed in the precise synthesis of an arithmetic 
series of polyrotaxanes (PR2"**, PR4?**, .., PR10***), which is illustrated graphically starting from PolyDB™, employing a molecular duet pump 
with two pumping cassettes, acting in unison under redox control, feeding on two rings simultaneously, one from each end of the polydumbbell 
component. PolyDB®™ consists of pairs of positively charged 2,6-dimethylpyridinium (PY*) Coulombic barriers (blue), redox-switchable 
bipyridinium (BIPY’*) units (blue), isopropylphenylene (IPP) steric barriers (green), and triazole (T) rings (magenta) all joined to a 
poly(ethylene glycol) (PEG) chain (M, = 2000 g mol™') where n represents approximately 50 repeating units. The pumping cassettes in the duet 
pump are operated by either chemical or electrochemical redox cycles. At the outset of the syntheses PolyDB™ repels the 8-fold molar excess of 
CBPQT™ rings in solution (MeCN) as a result of strong Coulombic repulsions with the PY* termini. When a chemical reductant (CoCp,) is 
added or a negative potential (— 700 mV) is applied, both the rings and dumbbell are reduced, allowing two CBPQT**) rings to thread onto the 
BIPY** recognition sites at each end of the dumbbell, forming two trisradical tricationic complexes (purple). On addition of a chemical oxidant 
(NOPE,) or application of a positive potential (+ 1400 mV), the CBPQT™* rings thread over the IPP steric barriers onto the PEG chain as a result 
of the strong Coulombic repulsions from BIPY* and PY* units to afford PR2"**. Repetition of the redox cycle produces PR4””*, PR6**, PR8***, 
and PR10** precisely according to the number of redox cycles. With each subsequent cycle, the polyrotaxane product is driven further and further 
from equilibrium. 


ally, but we are also granted access to a cargo-release platform [11]Rotaxanes which form with 2/4/6/8/10 rings can be 
that can be accomplished in a controlled way. This newfound synthesized selectively by controlling the number of redox 
control suggests the possibility of using AMPs to generate cycles. These polyrotaxanes have 14*/22*/30*/38*/46* 


concentration gradients across artificial membranes.’”'**’'*° positive charges on the PolyDB®. The PEG chain, initially 

Polyrotaxane Synthesizer. A polyrotaxane synthesizer in a random coil conformation, becomes increasingly stretched 
(Figure 10) has been reported'*” which, using a pair of and rigid as more tetracationic rings are pumped onto it, as 
pumping cassettes, progressively builds up main chain shown'’’ by DOSY NMR spectroscopy. The Coulombic 
poly[n]rotaxanes, where n follows an odd, arithmetic series, energy of the poly[n]rotaxanes (n = 3, 5, 7, 9, 11) increases 
with an even number, (n — 1), of rings, through repeated redox with each redox cycle, roughly proportional to (n — 1)’, and 


cycles. This synthesizer demonstrates the synthetic utility of hence the polymer is driven further and further away-from- 
AMPs. The polymer dumbbell (PolyDB®) of this AMP equilibrium. This increase in Coulombic energy brings us to a 


incorporates two inward-facing Mark II cassettes as the termini very important point. Similar processes in other contexts are 
of a poly(ethylene glycol) (PEG) (M, = 2000) collecting often termed'*°"'** “dissipative assembly”, but this term is 
chain. Using chemical or electrochemical redox cycles in one misleading. Dissipation certainly accompanies the repetitive 


pot, this duet pump'**'*? is able to load two rings oxidation and reduction cycles that provide the energy for 


simultaneously per cycle from the solution. [3]/[5]/[7]/[9]/ pumping, but the key feature allowing operation of the 
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polyrotaxane synthesizer is kinetic asymmetry arising from the 
specific arrangement of the pumping cassette, and in particular 
of the PY* and IPP units that provide the kinetic barriers. If the 
kinetic asymmetry would be inverted by exchanging the 
positions of the PY* and IPP units on each pumping cassette, 
the dissipation due to externally enforcing redox cycling would 
not decrease, but there would be no pumping. Kinetic 
asymmetry guided redox-driven creation of high energy 
mechanically interlocked polymers, in which the rings 
demonstrate very little affinity for the collecting chain, would 
have been impossible by any conventional synthetic approach. 
The generation of this homologous series of polymers by a 
molecular duet pump demonstrates the promise of AMPs, not 
only for the control of energy, through their ability to store 
cargo away from equilibrium, but also for allowing us to reach 
into hitherto inaccessible areas of molecular space, creating 
highly unnatural organic entities with unexplored properties. 


© ARTIFICIAL MOLECULAR MOTORS BASED ON 
INFORMATION RATCHETS 


The Mark I and Mark II AMPs are based on a flashing energy 
ratchet mechanism where modulation of energy by redox of 
CBPQT*/2(*#) rings and BIPY**/** units is an essential 
requirement for pumping. Catalysis-driven pumps, e.g., ion 
pumps, ATP-driven motors (Figure 2), and F,-ATPase (Figure 
3), do not and cannot work by a flashing energy ratchet 
mechanism. The essential requirement is a feedback 
mechanism by which the reactivity (lability) of the substrate 
(S, e.g, ATP) and product (P, e.g., ADP + P,) is determined by 
the mechanical state of the pump or motor. If in one state the 
motor is specific for substrate and in another the motor is 
specific for product, a chemical potential difference ug — Hp > 0 
drives the motor through its kinetic cycle from the S-specific 
state to the P-specific state, irrespective of the free energies of 
any of the states. 

A Catalysis-Driven Molecular Motor. In 2016, Leigh'*° 
reported the first example (Figure 11) of a catalysis-driven 
synthetic molecular motor based on a [2]catenane which 
operates by using an information ratchet. The catenane has 
two fumaramide'’° (Fum) recognition sites, positioned on 
opposite sides of a large loop, that interact with a much smaller 
benzylic amide ring. Directional circumrotation (Figure 11a) 
by the small ring round the large loop between the two 
recognition sites is controlled by the addition and removal 
(Figure 11b) of bulky protecting groups. These groups are 
introduced onto the hydroxyl groups by catalytic esterification 
with fluoromethoxycarbonyl chloride (Fmoc-Cl). Note that 
the catalyst, shown in Figure llc, is bulky, and hence the 
esterification is sterically hindered when the small blue ring is 
close to the hydroxyl group. Removal of the protecting groups 
occurs spontaneously by non-catalytic cleavage in the presence 
of triethylamine (Et;N) to give dibenzofulvene (DBFV) and 
carbon dioxide (CO,). Because the cleavage proceeds non- 
catalytically, the rate is insensitive to whether the small blue 
ring is close to or far from the protecting group that is being 
cleaved. There are three co-conformers of the [2]catenane, 
differing in the location of the small blue ring in relation to the 
protecting groups on the loop. In one of the co-conformers, 
Fum-1, both of the hydroxyl groups on the loop are esterified 
with Fmoc-Cl. While in co-conformer Fum-2, the small blue 
ring is situated close an Fmoc protecting group, in co- 
conformer Fum-2’, the small blue ring is located far away from 
the Fmoc protecting group. The concentration of reagents was 
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Figure 11. A catalysis-driven synthetic molecular motor. (a) The 
kinetic mechanism for the interconversion between Fum-1, Fum-2, 
and Fum-2'. (b) The mechanism of the overall conversion of Fmoc- 
Cl to DBFV and carbon dioxide (CO,) at the two hydroxyl groups on 
the loop. The relative length of the arrows indicates in which direction 
the equilibrium is shifted. (c) Graphical representation and structural 
representation of the large loop and the catalyst. 


controlled so that, at any one time, only one hydroxy group at 
most was de-esterified. The result of adding and removing a 
protecting group is that Fmoc-Cl is converted into DBFV, 
releasing about 25RT of energy, an amount roughly equal to 
the energy released by ATP hydrolysis. The Fum-2 = Fum-2' 
equilibrium is shifted to the right by the steric repulsion 
between the small blue ring and the Fmoc protecting group. 
Thus, the conversion is one that many would term a “power- 
stroke”. The direction of the equilibrium shift at first sight 
suggests that the small blue ring undergoes clockwise 
circumrotation, around the loop in the order Fum-1—Fum- 
2—Fum-2'—>Fum-1. The catalytic esterification, however, with 
Fmoc-Cl is faster for Fum-2—Fum-1 than it is for Fum-2’> 
Fum-1. This kinetic effect argues, instead, in favor of a 
counterclockwise circumrotation of the small blue ring round 
the loop in the order Fum-1—Fum-2'—>Fum-2—>Fum-1. 
When a quantitative analysis was performed under the 
constraints of microscopic reversibility,'”°° the latter con- 
clusion was vindicated — an order also observed experimen- 
tally." It must be emphasized that the mechanism of 
operation of catalysis-driven motors is very different from 
that for pumps and motors driven by external modulation. In 
the case of the latter, the energy of binding of a recognition site 
is changed as a function of external modulation, whereas in the 
case of the former, the key factor is gating catalysis by allosteric 
interactions, and the modulation of the binding energy of 
recognition sites is unimportant. Catalysis-driven synthetic 
molecular motors operate using an information ratchet 
mechanism. 

The prototype for this catalysis-driven artificial molecular 
motor (AMMo) can be traced back to a molecular information 
ratchet which was described by Leigh'*’ in 2007. Aside from 
the information ratchet, catenane-based AMMos, which 
operate by energy ratchet mechanisms, have also been 
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described by Leigh.'**~'®° In 2003, it was shown’*® for the 
first time that unidirectional motion can be induced in a 
[3]catenane in which the two smaller rings interfere with each 
other’s transitions between recognition sites on the larger ring, 
ensuring stimuli-driven unidirectionality of the two smaller 
rings around the larger ring. We can expect researchers to 
continue to employ catenanes, in which symmetry has been 
broken, to design and synthesize artificial molecular motors.'°! 


mM OUTLOOK 


In contrast to the engineering and development of macro- 
scopic man-made pumps and motors’? which have taken 
place over millennia and the evolutionary refinement that has 
shaped their biological cousins, unrecognized, over the eons, 
artificial molecular pumps and motors’? have only recently 
been subject to our creative design and contemporary 
synthesis. As a result, the artificial molecular pumps and 
motors thus far developed by scientists are primitive compared 
to their natural counterparts and have not yet begun to reach 
their full potential, but we have every reason to suspect that an 
ever-increasing number of applications will be developed. 
Gibbs thermodynamics played a critical role in the develop- 
ment of machines important in the industrial revolution. 
Similarly, we expect the trajectory thermodynamic ap- 
proach,°”'** based on Onsager’s work,*”** further developed 
by Hill,® and set firmly on the foundation of microscopic 
reversibility,” to play a significant role in leading the design 
and creation of new molecular pumps and motors. Trajectory 
thermodynamics has already been key in unlocking the 
recognition that kinetic asymmetry, >">” and not only 
dissipation, plays a key role in both bio- and synthetic- 
molecular pumps and motors, as well as in fuel-driven 
assembly’? and adaptation.°°'°°"'** A key point is that 
catalytically driven molecular machines carry out their function 
by diffusion on a sculpted energy landscape. Synthetic chemists 
are nothing if not sculptors of the shapes of molecules, and 
concepts such as the pumping cassette, where emphasis is 
placed on the energy landscape created by a particular 
combination of chemical functional groups, and how that 
energy landscape can be modulated by catalysis or by changing 
the chemical makeup of the solution. When combined with 
autocatalytic processes, kinetic asymmetry may play a 
significant role in mechanisms by which simple matter 
becomes complex,'®’ and even when it comes to attempts to 
create artificial life.'°* 

Many of the early molecular rotors used chirality as the 
symmetry-breaking element, necessary to generate translation 
or rotation in one direction more than in another. Feringa’”* 
showed that an achiral molecule can be actuated by light to 
generate rotational motion, although this example involves two 
chiral helices (P and M) bonded together such that the 
molecule is not chiral. A different approach has been to use 
mechanically interlocked molecules designed to have broken 
symmetry in the plane of the molecule which is sufficient to 
allow pumping by an energy ratchet but does not require 
chirality.'°° The essential requirement is that the symmetry be 
broken in space and time," i.e., that a molecular machine be 
designed with kinetic asymmetry.*® 

The pairing of mechanostereochemistry °’ with radical 
chemistry'’’”'°*~'”" in the past decade has proven powerful 
and allowed rings to be installed in rotaxanes and catenanes 
under non-equilibrium”? conditions. For instance, a duet 
pump with a long collecting chain has allowed the synthesis of 
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poly[n]rotaxanes,'*’ unattainable by any synthetic approach 
conceived of prior to 2010.'°*’ Applications of the earliest 
artificial molecular pumps have been hampered by the 
irreversible nature of their operation. As a specific example 
of pumping to a high energy state and subsequently controlling 
relaxation, we have, in mechanically interlocked molecules, 
demonstrated two methods'*”'* for the capture and release of 
rings using artificial molecular pumps. 

Artificial molecular motors also offer great potential for 
practical application, as shown?” by systems such as the DNA- 
based molecular walker that can synthesize organic molecules 
as it progresses along a track. A catenane motor recently 
described in the literature” has demonstrated the possibility 
of catalysis-driven artificial molecular motors. It is expected 
that, as with rotaxane-based pumps, functionalization of the 
cargo—i.e., the rings—in such mechanically interlocked 
molecules will be the next step in unlocking the potential of 
these machines. 

Taking cues from living systems, the use of artificial 
molecular machines for highly controlled synthesis is under 
investigation. Much in the way that the ribosome”? translates 
information stored in RNA strands into the structure of 
peptides, rotaxane-based synthesizers have been reported by 
Leigh. 176 Given the complexity of biochemistry arising 
from a small handful of precursors, it seems likely that the sky 
is the limit for what can be created by these artificial systems. 

Perhaps the greatest hurdle to harvesting the utility of 
artificial molecular pumps and motors is the imposition of 
long-range order over the system to effect meaningful change 
at the macroscopic level. Overcoming this obstacle by affixing 
such devices to surfaces or integrating them into membranes 
would open a new world of potential applica- 
tions!) 411177189 for artificial molecular machines. 
Researchers looking for applications of artificial molecular 
machines have focused their attention on surfaces''*!!*!8!718* 
porous crystals,’*°~'*’ metal-organic frame- 
works, °~'!”!®81°7 and monolayers?! of single mole- 
cules. Artificial molecular machines have been incorporated 
into liquid crystalline phases?’ and gels. "°=? Motorized 
contractile gels have been developed by Giuseppone’’>*'° 
who has integrated molecular motors into polymer chains. 
Medical science is set to benefit from artificial molecular 
machines acting as molecular prosthetics." 17% 

With the numerous avenues for development available to 
artificial molecular pumps and motors, only time will tell what 
we can achieve in this new field of chemistry. Recently, the 
design and efficiency of these advanced artificial molecular 
machines have been improving rapidly, a trend which we can 
expect to continue. With this newfound control over the world 
of molecules, the next big thing is up to the reader as much as 
the authors of this Perspective. 
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